Single crystal surfaces with periodic overlayers, such as graphene on hexagonal metal substrate, are found to exhibit, apart from their intrinsic periodicity, additional long-range order expressed by approximate surface lattices with large lattice constants. This phenomenon can be described geometrically analogous to lateral interference effects resulting in periodic moiré patterns which are characterized by 2-dimensional moiré lattices. Here we discuss in detail the mathematical formalism determining such moiré patterns based on concepts of 2-dimensional Fourier transformation including coincidence lattices. The formalism provides simple relations that allow to calculate possible moiré lattice vectors in their depencence on rotation angles α and and scaling factors p 1 , p 2 for periodic (p 1 x p 2 )Rα overlayers on substrate surfaces described by general Bravais lattices. Specific emphasis will be put on hexagonal lattices where experimental data are available.
INTRODUCTION
Surfaces of regular single crystals can exhibit a multitude of structures which deviate from those of simple bulk termination [1, 2] , reflecting the changed atom environment and composition at the surface. These structural deviations have also been found for adsorbed overlayers of foreign atoms or molecules on single crystal substrates [3] where the overlayers and the topmost substrate monolayers affect each other geometrically. Here surfaces with periodic overlayers, whose 2-dimensional periodicity can be derived from that of the underlying substrate monolayer by rotation about the surface normal and by scaling of corresponding lattice constants, are of particular interest.
These surfaces are usually denoted as (p 1 x p 2 ) Rα structured using the Wood notation [4, 5] where α refers to the rotation angle of the overlayer lattice vectors relative to those of the underlying substrate monolayer and p 1 , p 2 are scaling factors connecting lattice constants of the overlayer with those of the substrate. This includes overlayers of foreign atoms or molecules on substate as well as clean surfaces with the topmost overlayer reconstructed which can be treated at the same footing.
Surfaces with (p 1 x p 2 ) Rα overlayer lattices are found to exhibit, apart from their intrinsic periodicity and depending on the overlayer-substrate coupling, additional long-range order with an approximate periodicity expressed by surface lattices with rather large lattice constants. This is manifested by 2-dimensional quasi-periodic variations of atom distances between the overlayer and the substrate (topographic buckling) which includes smaller lateral atom shifts (local lateral surface distortion). The geometric variations can be observed for example by surface X-ray diffraction (SXRD) and result in periodic changes of the electronic structure which can be probed by surface tunneling microscopy (STM). An example is graphene on Ru(0001) substrate [6] [7] [8] [9] [10] [11] [12] where experimental SXRD studies [6] suggest a commensurate phase with a coincidence lattice described by a supercell of (25x25) carbon honeycombs on a (23x23) supercell of the hexagonal Ru(0001) substrate. This was simulated by DFT calculations with different (smaller than observed) coincidence lattices [7, [9] [10] [11] [12] where Fig. 1 shows results for the (13x13) C on (12x12) Ru(0001) [7] case reflecting an overlayer lattice scaled isotropically by p 1 = p 2 = 12/13 with respect to that of the Ru substrate without rotation, α = 0. Other examples include graphene monolayers on graphene [13] [14] [15] [16] where the origin of the long-range topographic modulation was argued to be due to overlayer rotation [16] . Further, quasi-periodic hexagonal patterns have been observed for graphene on Rh(111) [12, 17] , Ir(111) [18, 19] , and Pt(111) [17, 20] , on Cu(111) [21] , as well as for hexagonal boron nitride, h-BN, layers on Ru(0001) [12, 22] , Pd(111) [23] , and Rh (111) [24, 25] . Finally, rotated hex-agonal Ag overlayers on Ni(111) substrate have been discussed in the literature [26, 27] . Here the influence of both overlayer rotation and differences in the lattice constants of the overlayer and the substrate have been considered to explain corresponding large supercell periodicities.
Obviously, the existence of additional quasi-periodic long-range order in these surface systems results from a balance between the electronic overlayer -substrate coupling, often rather weak, and binding within the overlayer which may both be quite difficult to evaluate in their local details.
However, the basic origin of the quasi-periodicity can be described by considering the geometric interplay of the overlayer lattice superimposed with that of the substrate surface. For a normal view to the surface, this can give the visual impression of 2-dimensional spatial interference as exemplified in Fig. 1a for the graphene on Ru(0001) system. The effect has been discussed in terms of 2-dimensional periodic moiré patterns, well known and often unwanted in digital image processing [28] . Thus, the truly 2-dimensional concept of moiré patterns and moiré lattices as a result of overlaying rigid periodic arrays of objects is adapted to describe geometric aspects of 3-dimensional surface regions. Clearly, both the overlayer and the underlying substrate will be strained locally leading to quasi-periodic overlayer buckling and local lateral distortions in addition to lattice rotation and scaling. However, in an approximate treatment, neglecting minor local distortions, the basic properties of the additional geometric surface modulation may be associated with moiré pattern formation. Here the periodic patterns consisting of local surface regions (moiré "spots", termed moirons in the following) are interpreted as consequences of geometric interference of the periodic overlayer and the substrate monolayer.
The geometric structure of local surface regions forming moirons can be quite complex in detail. In particular, the periodicity of moirons suggested visually by corresponding moiré lattices for a given overlayer rotation or scaling can only be approximate. Moirons separated by moiré lattice vectors may differ somewhat in their geometric detail yielding a quasi-periodic arrangement rather than strict periodocity. Only if the surface system can be described by a coincidence lattice the moiron arrangement is truly periodic, however, with its periodicity determined by the coincidence lattice rather than the moiré lattice. Further, the actual size and shape of moirons depends strongly on the rotation and scaling of the overlayer lattice relative to that of the substrate and ranges from almost circular compact spots to spirals or stripes as will be shown below. In realistic surface systems moiré patterns become evident by topographic buckling, see The formal description of fictitious lattices resulting from moiré patterns can be achieved by 2-dimensional Fourier theory including coincidence lattices. This will be examined in detail in the present study yielding analytical formulas for periodicity vectors of the lattices approximating possible quasi-periodic moiré patterns at surfaces with (p 1 x p 2 ) Rα overlayers. While some geometric aspects of moiré patterns have been discussed earlier for hexagonal overlayers [18] [19] [20] Finally, in Section 4 the most important results from the theoretical treatment are summarized.
THEORETICAL DETAILS
In this section we discuss basic details of the general formalism which can be used to describe quasi-periodic moiré interference patterns at surfaces of a given Bravais lattice type. The resulting (approximate) moiré lattice is defined by 2-dimensional lattice vectors R M1 , R M2 which can be obtained in analytic form applying 2-dimensional Fourier theory. This will be shown in Sec. 2.1 for most general overlayers using (2x2) matrix notation [5] while Sec. 2.2 considers moiré lattices for overlayers described as (p 1 x p 2 ) Rα in Wood notation [4, 5] . Further, Sec. 2.3 discusses moiré patterns for surfaces forming coincidence lattices.
General formalism
As a starting point we consider a function f S (r), describing spatial properties of a substrate surface which is periodic in two dimensions with its periodicity defined by lattice vectors R o1 , R o2 .
Thus, function f S (r) can be represented by an infinite Fourier series as
with, in general, complex valued coefficients S k , j c and reciprocal lattice vectors G o1 , G o2 which can be derived from lattice vectors R o1 , R o2 by corresponding orthogonality relations [5] . Similarly, functions f O (r), describing spatial properties of a periodic overlayer, characterized in its periodicity by lattice vectors R o1 ', R o2 ', can be represented by an infinite Fourier series as
with corresponding reciprocal lattice vectors G o1 ', G o2 ' derived from R o1 ', R o2 '. The lattice vectors R o1 ', R o2 ' of the overlayer and R o1 , R o2 of the substrate are, in general, connected by a linear trans-
referring to the overlayer periodicity described by matrix M in (2x2) matrix notation [5] . Then the corresponding reciprocal lattice vectors G o1 ', G o2 ' and G o1 , G o2 transform according to
where the orthogonality relations of real space and reciprocal lattice vectors lead to
A superposition of the property functions f S (r) of the substrate and f O (r) of the overlayer to describe the combined system can always be represented formally by an infinite Fourier series with respect to the substrate lattice R o1 , R o2 , i.e. by
where factors 
This corresponds to real space periodicity vectors R M1 , R M2 , called moiré lattice vectors in the following, which result from orthogonality transformations applied to (8) to yield
If the overlayer lattice vectors R o1 ', R o2 ' are very close to those of the substrate, R o1 , R o2 , the corresponding reciprocal lattice vectors G o1 ', G o2 ' and G o1 , G o2 are also very similar. Thus, the reciprocal lattice vectors G M1 , G M2 in (8) become quite small compared with those of the reciprocal overlayer and substrate lattices. As a consequence, the moiré lattice vectors R M1 , R M2 in real space will, according to (9) , (10) , be considerably larger than the lattice vectors R o1 , R o2 of the substrate.
This introduces long range modulations in the property function f(r) of the combined overlayer / substrate system which are perceived as periodic patterns, described by fictitious lattice vectors R M1 , R M2 , which reflect the quasi-periodic arrangement of moirons.
Moiré lattices of Wood notated overlayers
The general formalism of obtaining appropriate moiré lattice vectors R M1 , R M2 can be specified further by using a Wood notation [4, 5] to describe the overlayer periodicity. Let us assume the substrate surface to be defined in its periodicity by primitive lattice vectors R o1 , R o2 which may be of different length, given by ratio q = R o1 /R o2 , and form an angle  between them, see Fig. 2 . This co-vers all possible 2-dimensional Bravais lattices listed in 
connecting the Wood notation with matrix M of the (2x2) matrix notation used in (3) of Sec. 2.1.
Then, depending on the scaling factors p 1 , p 2 and rotation angle α, the superposition of the overlayer and the substrate may give rise to a quasi-periodic moiré pattern described, according to the previous section, by moiré lattice vectors R M1 , R M2 given by (9), (10) and yielding
Transformation (12) can be used to define five geometric parameters describing the moiré lattice which can actually be measured. First, the moiré factors  1 ,  2 denote the lengths ratios of the moiré lattice vectors R M1 , R M2 and their substrate counterparts R o1 , R o2 where according to (12),
Thus, moiré factors  1 ,  2 can be understood as lattice constants of the moiré lattice in units of those of the substrate. Second, the moiré angles  1 ,  2 refer to angles spanned by vectors R M1 , R M2 and their substrate counterparts R o1 , R o2 , see Fig. 2 , and are given by
Further, the angle  spanned by the moiré lattice vectors R M1 , R M2 is given by
It must be emphasized that the present theoretical treatment of quasi-periodic interference patterns at surfaces described by moiré lattices is based exclusively on the interplay of overlayer and substate periodicities and ignores exact geometric details of the local atom arrangement. In particular, the general results are independent of the actual atom basis of the overlayer. As such, the formalism can be applied to overlayers with both monoatomic and polyatomic atom bases where, so far, experimental evidence has focused on polyatomic systems represented by graphene or h-BN overlayers.
Moirons at overlayers forming coincidence lattices
The moiron arrangement at general (p 1 x p 2 ) R overlayers will not be strictly periodic, with moirons varying slightly in shape at different sites, and the description of their positions by moré lattices (12) can only be approximate. However, the combined overlayer / substrate surface may form an altogether commensurate phase with a coincidence lattice described by lattice vectors R 1 , R 2 resulting in a (possibly large) supercell which is shared by the overlayer and the substrate. Thus, vectors R 1 , R 2 are integer valued linear combinations of the lattice vectors of both the substrate and the overlayer, i.e.
with m and m' denoting integer valued (2x2) matrices defining the coincidence lattice vectors R 1 , R 2 by those of the overlayer and substrate, respectively. This leads to a transformation between the lattice vectors of the overlayer and substrate given by (20) where the (2x2) matrix M, appearing also in (3), (11), contains only integer or rational elements M ij as expected for coincidence lattices [5] .
Obviously, moiron arrangements at surfaces with coincidence lattice geometry will be strictly periodic with periodicity vectors given by R 1 , R 2 . Corresponding moiré lattice vectors R M1 , R M2 are then defined according to (9) , (10), (19) , (20) by
Applying relation (19) this leads to
where (m -m') is an integer valued (2x2) matrix. Thus, the coincidence lattice vectors R 1 , R 2 are
given by integer valued linear combinations of the moiré lattice vectors R M1 , R M2 and the moiré lattice vectors, while not describing a strict periodicity of the surface, can serve as a basis to define the coincidence lattice. Further, relation (22) can be used to show that the unit cell area A of the coincidence lattice is an integer multiple of the unit cell area A moiré of the moiré lattice where
Since each moiré unit cell contains exactly one moiron the unit cell of the coincidence lattice will always include N moirons where according to (23) 
A comparison of transformation (20) with (11) shows immediately that for general scaled and rotated (p 1 x p 2 ) R overlayers scaling factors p 1 , p 2 and rotation angles  are restricted to specific discrete values to yield exact coincidence lattices since the matrix elements M ij in (11) will in general be real rather than rational valued. However, real valued elements M ij can be approximated to any degree of accuracy by rational numbers. Therefore, it is always possible to determine approximate coincidence lattices for a given accuracy if their lattice vectors are chosen large enough.
As an illustration, we mention (p x p) R coincidence lattices appearing for hexagonal overlayers on hexagonal substrate. Assuming an acute representation of hexagonal lattice vectors R o1 , R o2 , i. e.  = ( R o1 , R o2 ) = 60, transformation matrices m, m' are found to be in general determined by four integer numbers a, b, a', b' (without proof) where (25) and thus transformation matrix M in (20) is given by
Therefore, possible scaling factors p are given by (28) and rotation angles α by
This shows, in particular, the discreteness of possible rotation angles α. As a result, possible moiré lattice vectors of (p x p) Rα overlayers can be determined according to (9) , (10) to yield
Relation (29) shows also that, while rotation angles α for exact coincidence lattices are discrete, their distribution is quasi-continuous if large enough integers a, b, a', b', reflecting possibly very large coincidence supercells, are considered.
RESULTS AND DISCUSSION
In this section we discuss results from the general formalism detailed in Section 2 with emphasis on surface systems where moiré patterns have been observed in experiment. These include, with increasing complexity, isotropically scaled (p x p), Sec. 
Isotropically scaled (p x p) overlayers
Moiré patterns have been observed for graphene overlayers on a number of hexagonal substrate surfaces where an isotropically scaled (p x p) structure without rotation has been discussed. Table 2 lists corresponding scaling factors p determined from ratios of the graphene lattice constant and those of the metal surfaces. As an example, Fig. 3 shows a simulation of a graphene overlayer at the 
Further, the moiré parameters given by (14) , (15), (16), (17) simplify to yield
This shows that isotropic overlayer scaling without rotation always results in moiré lattice vectors R M1 , R M2 that point along the directions of the initial surface basis vectors R o1 , R o2 . Thus, the moiré lattice is of the same Bravais lattice type as the substrate. In the case of the experimentally studied hexagonal surfaces this confirms the observed hexagonal moiré patterns. Further, relations (33), (34) show that moiré lattice vectors diverge in their lengths when p approaches p = 1 which corresponds to lattice constants of the overlayer and substrate lattices that are very close. In this limit the moiron arrangement will become very open with extremely large moirons that may not be observable. This is consistent with experimental findings for graphene overlayers on Ni(111) substrate [29] where the surface lattice constants differ by less that 1%.
Obviously, moiré lattice vectors may be determined mathematically for any scaling factor p > 0 using transformations (33). However, moiré patterns will be clearly detectable only for  values above a minimum size  o when moirons are large enough to show as separated entities. According to (34), this sets a range of scaling factors p resulting in visible moiré patterns where after some al-
Here values  o close to 5 are reasonable from experience such that scaling factors between 0.8 and 1.2 qualify for clearly visible moiré patterns.
As discussed in the introduction, graphene on Ru(0001) substrate forms a coincidence lattice with a supercell of (25x25) carbon honeycombs on a (23x23) supercell of the substrate [6] and, as a result, the supercell of the substrate contains exactly one moiron. Thus, all moirons of the moiré lattice are identical and the coincidence lattice agrees with the moiré lattice.
Rotated (1 x 1) Rα overlayers
Moiré patterns have been found in experiments for graphene overlayers on graphene where a rotated (1 x 1) Rα structure without scaling (but possibly combined with lateral translation) has been discussed [13] [14] [15] [16] . As an illustration, Fig. 4 shows a simulation of a (hexagonal) graphene overlayer on graphene substrate for a rotation angle α = 3.5 claimed by experiment [16] . This is found to exhibit a hexagonal pattern with a moiré lattice corresponding to a lattice constant a moiré = 16.4 a graphene as indicated in Fig. 4 by the moiré lattice vectors R M1 , R M2 . 
Relation (43) 
This leads to a shift of all moirons by a global vector V which according to Fourier theory discussed in Sec. 2 can be shown to be given by
Since moiré lattice vectors R M1 , R M2 will in general not point along directions of the initial surface basis vectors R o1 , R o2 vectors v and V will also point in different directions. Thus, global shifts applied to an overlayer will in general shift the corresponding moiron array along a different direction.
The angle  between the shift vectors is determined using (39), (40) to yield 
Therefore, the initial shift vector v applied to the overlayer moves the moiré pattern by a vector V which, according to (49), is larger in length by factor  compared with the initial shift vector v and the two vectors are not parallel to each other for  ≠ 0, see (48).
As an illustration, Fig. 5 shows moiré patterns of the graphene overlayer on graphene substrate for a rotation angle α = 3.5 discussed above, however, with additional overlayer shifts of v = -1/3 R o2 (Fig. 5a ) and v = -2/3 R o2 (Fig. 5b) applied. According to (43), (48) the angle  between vectors V and v amounts to 91.75 such that the shift of the moirons occurs almost perpendicular to that of the overlayer which is obvious in Fig. 5 . Further, the rather small overlayer shifts v shown in Fig. 5 lead to quite large moiron shifts V due to the amplification by factor  = 16.4, see (49).
It should be noted that the moiron shift behaviour is completely analogous for isotropically scaled overlayers with the relations (49), (48) being identical. As an example, scaled (p x p) overlayers without rotation yield for the moiré angle  values of 0 (p < 1) or 180 (p > 1), see (35).
Thus, for these overlayers moirons shifts occur always parallel or anti-parallel to those of the overlayer but will be enhanced by a factor . This result is relevant for an understanding of moiré patterns of graphene near monoatomic steps at metal surfaces. Scanning tunneling microscopy experiments for graphen on Ir(111) substrate have shown [19] that carbon overlayers can spread over monoatomic steps of the substrate with their basic honeycomb structure remaining intact. Here adjacent terraces offer identical periodicity and substrate lattice vectors while the origins of their lateral atom arrangements differ. This leads to a global lateral shift in the atom arrangement between the adjacent terraces which affects their interference with the overlayer and explains the observed moiron shifts [19] . As an illustration, Fig. 6 shows the simulation of a moiré pattern for graphene spreading over a monoatomic step at the Ir (111) 
Rotated and isotropically scaled (p x p) Rα overlayers
The theoretical treatment of (p x p) Rα overlayers combines isotropical scaling with rotation and has been considered in experiments for graphene overlayers on hexagonal boron nitride (h-BN) layers. As an example, Fig. 7 shows a simulation of graphene on h-BN where a difference in the lattice constants of 2%, resulting in p = 0.98, and a rotation of α = 5.4 is assumed from experiment [30] .
Here the hexagonal moiré lattice corresponding to a lattice constant a moiré = 10.3 a BN is evident. 
and hence for the moiré lattice vectors R M1 , R M2 according to (12) , (13) 
Further, the moiré parameters given by (14), (15), (16), (17) simplify to yield 
This shows that for scaling factors p approaching p = 1 from below (i. e. for overlayer lattice constants below the substrate value but differing by only little from it) the moiré angle  can become much larger than the initial inter-layer rotation angle . Analogous, for p approaching p = 1 from above angles  vary also quite strongly for small rotations . This is obvious from Fig. 8 and illustrated for graphene on h-BN where the lattice constants differ by only 2% corresponding to p = 0.98. For a rotation of only α = 5.4 [30] we obtain for the moiré angle according to (55) a value  = 80.6. Fig. 9 shows the moiré factor  as a function of  and p as defined by (53). Obviously, factor , which characterizes the lattice constant of the moiré pattern, can become rather large for small rotation angles  and scaling factors p approaching p = 1 which is mathematically evident from relation (53) and confirmed by Fig. 9 . For small values  and scaling factors p approaching p=1 we obtain from (53) approximately
which, setting  = 0, yields relation (34) while for p =1 the approximate relation (44) is obtained.
As another important result we note that relations (53), (54), (55) determining the moiré parameters  and  do not require values for q,  which define the Bravais lattice type, see Table 1 and Sec. 2.2. Further, both moiré lattice vectors R M1 , R M2 are scaled and rotated by the same amount with respect to their counterparts R o1 , R o2 of the substrate lattice. This shows that for isotropically scaled and rotated overlayers the Bravais lattice type of a possible moiré lattice is always that of the initial substrate lattice. Thus, Figs. 8, 9 are of general validity. As an illustration, Fig. 10 shows moiré patterns for fictitious surfaces of different Bravais lattices where the patterns result from rotation by  = 4 and isotropic scaling by p = 0.95. This corresponds in all examples to a moiré angle  = 55.71 and a moiré factor  = 11.252. Obviously, for all four Bravais lattice types with symmetry, primitive and centered rectangular, square, and hexagonal, the type of the moiré lattice agrees with that of the substrate and overlayer lattice. While this theoretical result is quite clear its experimental verification seems to exist only for hexagonal surface systems so far.
Relations (53), (54), (55) can be inverted to yield rotation angles  and scaling factors p as functions of the moiré angle  and moiré factor  according to
This can be particularly useful when rotation and scaling needs to be quantified from experimentallly identified moiré patterns.
General (p 1 x p 2 ) Rα overlayers
Moiré patterns of general rotated and anisotropically scaled (p 1 x p 2 ) Rα overlayers seem to have been explored by experiment only in very few special cases. As an example, Fig. 11 shows a simulation of results from early low energy electron diffraction (LEED) studies of the reconstructed quasihexagonal gold surface described as Au (111)-(3 x 22)rect [31] . Here the unilateral compression of the overlayer results in a striped moiré pattern as discussed below. (Recent STM studies [32] indicate a more complex herringbone structure with striped domains.)
Moiré interference of rotated and anisotropically scaled (p 1 x p 2 ) Rα overlayers has been decribed in detail in Sec. 2.2 where the transformation between overlayer and substrate lattice vectors of general Bravais lattices is given by (11) . The resulting moiré lattice vectors R M1 , R M2 are determined by (12) , (13) while the moiré factors  1 ,  2 and moiré angles  1 ,  2 are described by relations (14) , (15), (16), (17), respectively. Here the Bravais lattice type of the moiré lattice will, in general, not agree with that of the surface lattice which becomes evident from the analytical formulas. As an illustration Fig. 12 shows the moiré pattern of a fictitious hexagonal overlayer on hexagonal substrate described as (0.940 x 0.983) R5 where the the moiré lattice describing ellipsoidal moirons is almost rectangular.
Moirons at (p 1 x p 2 ) Rα overlayers will, in general, be distorted anisotropically and even more complex details such as stripes, spirals, or zig-zag patterns can appear. Here the special case of anisotropically scaled overlayers without rotation, (p 1 x p 2 ), is interesting. Setting α = 0 in the general relations (11), (12), (13), (14), (15), (16), (17) yields for the transformation between overlayer and substrate lattice vectors 
CONCLUSION
The present studies provide a solid theoretical foundation which allows determining the detailed geometric behavior of possible moiré patterns resulting from periodic overlayers at single crystal surfaces described as (p 1 x p 2 ) Rα where α denotes overlayer rotation angles and p 1 , p 2 are scaling factors. This includes surfaces of all possible Bravais types with and without lattice bases.
Clearly, the present treatment does not account for details of the electronic overlayer -substrate coupling and binding within the overlayer which may be rather complex and difficult to evaluate.
However, the periodicity of the moiré patterns, interpreted as a phenomenon of spatial interference between overlayer and substrate, is described for realistic surface systems rather reliably, as shown for hexagonal monolayers on hexagonal metal substrate in comparison with experiment.
The mathematical formalism based on 2-dimensional Fourier analysis provides a simple geometric interpretation of the quasiperiodic moiré lattices together with mathematical formulas (12), (13) , (14), (15), (16), (17), (18) Graphene overlayer adsorbed at the Ru(0001) surface [7] . The Ru substrate surface is shown by its topmost three layers. (a) View perpendicular to the surface. The periodicity of the superlattice is indicated by arrows referring to moiré lattice vectors. (b) View almost parallel to the surface illustrating the periodic overlayer warping connected with the moiré patterns shown in (a). Fig. 2 . Definition of lattice vectors and angles of the substrate, R o1 , R o2 , , of the overlayer, R o1 ', R o2 ', and of the moiré lattice, R M1 , R M2 ,  1 ,  2 . Fig. 3 . Moiré pattern of a graphene overlayer at the Pt(111) surface [20] given by a balls-andsticks simulation for a view perpendicular to the surface, see text. Moiré vectors R M1 , R M2 are shown by arrows and labeled accordingly. Graphene overlayer adsorbed at the Ru(0001) surface [7] . The Ru substrate surface is shown by its topmost three layers. 
